Abstract The activation and development of an adaptive immune response is initiated by the engagement of aT-cell antigen receptor by an antigenic peptide-MHC complex. The outcome of this engagement is determined by both positive and negative signals, costimulation and coinhibition, generated mainly by the interaction between the B7 family and their receptor CD28 family. The importance of costimulation and coinhibition of T cells in controlling immune responses is exploited by tumors as immune evasion pathways. Absence of the expression of costimulatory B7 molecules renders tumors invisible to the immune system, whereas enhanced expression of inhibitory B7 molecules protects them from effective T cell destruction. Therefore, the manipulation of these pathways is crucial for developing effective tumor immunotherapy. Translation of our basic knowledge of costimulation and coinhibition into early clinical trials has shown considerable promise.
Extended B7 Family and CD28 Family
Mature naBve T lymphocytes emerge from the thymus and migrate to peripheral lymphoid organs such as the spleen and lymph nodes. There, the clonally distributed T-cell antigen receptors (TCR) of naBve CD4 or CD8 T cells detect antigenic peptide-MHC II or MHC I complexes, respectively, on antigenpresenting cells (APC). Although TCR signal transduction is necessary for the activation of naBve T cells, TCR ligation alone is not sufficient to initiate an immune response. For optimal activation of naBve T cells, a secondary signal, known as costimulation, is needed. Activation through the TCR in the presence of such costimulatory signals results in clonal T cell expansion and differentiation. Upon activation in lymphoid organs, T cells differentiate and migrate to the periphery where they carry out their effector functions. After the initial activation, coinhibitory molecules are engaged in order to restrain T cell function. Expression of costimulatory and coinhibitory molecules at the appropriate times and locations positively and negatively control the priming, growth, differentiation, and functional maturation of a T cell response.
In 1987, the first definitive experiment showed that TCR engagement was insufficient for T cell activation (1) . In the same year, coincidently, CD28 was cloned as a T cell -specific surface protein by expression cloning (2), whereas CTL antigen-4 (CTLA-4) was discovered in the search for novel genes expressed in activated CD8 T cells (3) . B7-1 was originally cloned as a B-cell activation antigen (4) , and was subsequently identified as a ligand for CD28 (5) and CTLA-4 (6) . The suggestion that B7-1 plays an important role in costimulation came from in vitro experiments showing that CD28 engagement by B7-1 could enhance T cell proliferation and interleukin-2 (IL-2) production (7 -9). Subsequently, it was shown that an anti-CD28 antibody could provide the costimulatory signal required to block T cell anergy induction (10) . The observations that CTLA-4 could bind to a non -B7-1 ligand and that mice deficient in B7-1 could still induce costimulation, resulted in the discovery of B7-2, a second ligand for CD28 and CTLA-4 receptors (11, 12) . Thus, the B7-1, B7-2/CD28, CTLA-4 pathway was established in 1993 as the first pathway of T cell costimulation and coinhibition, and has been the subject of intense study over the following decade. Six years later, two new members of the B7 family, B7h (13) and B7-H1 (14) , and a new member of the CD28 family, inducible costimulator (ICOS; ref. 15) , were discovered. B7h (also called B7RP-1, GL50, B7H2, and LICOS; refs. 16 -19, respectively ) is the costimulatory ligand for ICOS. Thus, the B7h/ICOS pathway was acknowledged in 1999. Subsequently, it was shown that B7-H1 is the ligand for programmed death 1 (PD-1) and was thus renamed as PD-L1 (20) . Although PD-1 was originally isolated from apoptotic cells in 1992 (21), it was not until its ligand was found to be homologous to the B7 family members that it was recognized as a member of the CD28 family. The second PD-1 ligand, PD-L2 (22) , also known as B7-DC (23), was then quickly cloned. Thus, the PD-L1, PD-L2/PD-1 pathway was confirmed in 2001. More recently, by homology search of genome databases, B7-H3 was cloned in 2001 (24) , and B7x (25) , also called B7-H4 (26) or B7S1 (27) , was cloned in 2003. The receptors for B7-H3 and B7x remain to be identified.
By phylogenetic analysis, we divided the B7 family into three groups (Table 1; refs. 25, 28) . Group I includes B7-1, B7-2, and B7h. The B7-1, B7-2/CD28 pathway provides critical costimulatory signals for naBve T cells as CD28 knockout mice exhibit severe diminution of most T cell responses (29) . Conversely, the B7-1, B7-2/CTLA-4 pathway acts as a key negative regulator of CD28-dependent T cell activation as CTLA-4 knockout mice succumb to a lethal lymphoproliferative disorder at an early age (30 -32) . The B7h/ICOS plays an important role in T-cell and B-cell interactions (33 -35) . Group II consists of PD-L1 and PD-L2. The PD-L1/PD-1 pathway is involved in the induction and maintenance of peripheral immune tolerance and plays a crucial role in the functional impairment of antigen-specific exhausted CD8 T cells during chronic viral infections (36 -38) . PD-1 knockout mice slowly develop spontaneous lupus-like disease and autoimmune dilated cardiomyopathy. Intriguingly, PD-L1 and PD-L2 double knockout mice do not exhibit spontaneous autoimmune diseases (39) . Group III consists of B7-H3 and B7x. As the newest members of the B7 family, their precise roles in T cell regulation remain to be defined. Initial studies showed that B7-H3 fusion protein stimulated T cell proliferation and IFN-g production (24) . However, several recent studies have shown that B7-H3 has an inhibitory function in vitro (40, 41) . The phenotype of B7-H3 knockout mice also supports an inhibitory function for B7-H3 in vivo (42). We and others have shown that B7x inhibits TCRmediated CD4 and CD8 T cell proliferation, cell cycle progression, and IL-2 production in vitro (25 -27) . Intriguingly, B7x protein is detected in peripheral organs but not in the lymphoid compartment. The discovery of new B7 molecules and counter-receptors suggests that T cell costimulation and coinhibition is more complex than previously thought.
Enhancement of Costimulation: B7-1, B7-2, B7hT ransfected Tumor Cell Vaccines
Tumors may be capable of delivering antigen-specific signals to T cells as long as they express MHC. However, according to the two-signal model for T cell activation, tumors may not be able to deliver the costimulatory signals necessary for full activation of T cells as the expression of B7-1 and B7-2 are generally limited to APC and are not on most tumors. Therefore, ectopic expression of costimulatory B7 molecules on tumor cells could render tumor cells capable of effective T cell activation, leading to their eradication in vivo (Fig. 1) . This hypothesis was first tested by three laboratories with two mouse tumor models (43 -45) . Initial experiments used transplantable murine melanoma and sarcoma tumors. Induction of B7-1 expression on tumors by transfection was sufficient to induce CD8 T cell -mediated rejection of melanoma and CD4 T cellmediated rejection of sarcoma. This rejection generated a memory response and consequent immunity to rechallenge with wild-type tumors in the absence of additional treatment. Subsequent work showed that the expression of B7-1 or B7-2 on carcinoma tumor cells rendered tumors equally susceptible to rejection (46) . The same approach was used to show that ectopic B7h expression also provides costimulation and promotes the rejection of fibrosarcoma and plasmocytomas by CD8 T cells (47, 48) . However, optimal B7h-induced clonal expansion of tumor antigen -recognized CD8 T cells required costimulation by B7-1 and B7-2 on endogenous host APC. Although many studies have shown that conferring B7-1 or B7-2 expression on tumor cells augmented immune response against tumors of varied origins, it was apparent that B7-1 or B7-2 expression alone was insufficient to induce immunity against poorly immunogenic tumors (49).
At least three early phase I clinical trials have been conducted to test the efficacy of B7-1 -transfected tumor cell vaccines. In a phase I trial of metastatic renal cell carcinoma, in which 15 patients were vaccinated with B7-1 -transfected autologous tumor cells in combination with systemic IL-2, one patient showed a 70% reduction in the size of a bone metastasis whereas another patient had a 90% regression of multiple pulmonary nodules, and another two patients had 17% and 18% decreases in the sizes of their metastatic lesions, considered to be stable disease (50) . In a trial of advanced non -small cell lung cancer, 19 patients were vaccinated with an adenocarcinoma line transfected with B7-1 and HLA-A1 or A2. Overall, one patient had a partial response, and five had stable disease (51) . In an ongoing phase I trial, patients with acute myeloid leukemia will be vaccinated with autologous acute myeloid leukemia transfected with B7-1 and IL-2 combined with allogeneic hematopoietic stem cell transplantation (52) . This study hopes to enhance the immune eradication of residual acute myeloid leukemia cells in poor prognosis patients that have achieved donor chimerism. Although such studies are currently in their infancy, one needs to keep in mind that in addition to CD28, both B7-1 and B7-2 bind CTLA-4 with much higher affinity; therefore, in some circumstances, it is possible that B7-1-or B7-2 -transfected tumor cell vaccines could attenuate activated T cells by CTLA-4 engagement. Indeed, low surface expression of B7-1 on tumor cells is an immunoescape mechanism in a colon carcinoma mouse model (53) .
Blockade of Coinhibition: Anti^CTLA-4 Therapy
It seems that the cross-priming process is critical for the initiation of T cell responses to tumors (54) . During this process, bone marrow -derived APC, most likely dendritic cells, can pick up antigens released from tumor cells, and process and present them to naBve T cells in the context of B7-1 and B7-2 costimulation. Upon T cell activation, CTLA-4 is expressed and it starts to carry out its inhibitory function. Therefore, specific blockade of CTLA-4 signals, whereas leaving TCR and CD28 signals intact, is a very attractive approach for tumor immunotherapy ( Fig. 1) . This idea was first tested in mouse models 10 years ago (55) . Administration of antibodies that block CTLA-4 interactions with B7-1 and B7-2 resulted in the rejection of colon carcinoma and fibrosarcoma, including preestablished tumors. Furthermore, this rejection was accompanied by a long-lasting immunity to a secondary exposure to tumor cells in the absence of additional treatment. This work proved the principle that CTLA-4 blockade could enhance tumor-elicited weak immune responses to a level that could mediate tumor injection. Subsequent work showed that anti -CTLA-4 monotherapy could also promote the rejection of other transplantable tumors, including prostatic carcinoma, lymphoma, renal cell carcinoma, and colon carcinoma (56) . However, this approach does not seem to be effective for poorly immunogenic tumors.
Based on the results of anti -CTLA-4 therapy in mouse tumor models, two human anti -CTLA-4 antibodies, MDX-010 (Ipilimumab) and CP-675,206 (Ticilimumab), were developed and have entered into clinical trials at multiple centers (Table 2; refs. 57 -70) . In addition to prostate, ovarian, breast, and colon carcinoma, these antibodies have been mainly tested in metastatic melanoma and in renal cell cancer in which immune responses are believed to play important roles. From these early phase I/II clinical trials, some provocative observations can be drawn. Anti -CTLA-4 monotherapy is capable of inducing objective tumor responses, partial response, or even complete response in patients with melanoma, renal cell, prostate carcinoma, and non -Hodgkin's lymphoma (Table 2 ). In heavily pretreated melanoma patients, objective tumor responses to anti -CTLA-4 monotherapy were observed to be as high as 20% (59, 71) . Responses have involved multiple visceral sites such as the lung and brain. Moreover, response durations can be significant, most from 18 to 35 months. It seems likely that anti -CTLA-4 monotherapy is able to enhance preexisting antitumor responses and generate de novo antitumor responses. In addition, CTLA-4 blockade is unlikely to function through effects on T regulatory cells because anti -CTLA-4 treatment in patients with cancer or in mice does not show inhibition or depletion of T regulatory cells in vivo (72, 73) . Although a few different dosing schedules in patients showing clinical benefit have been explored, the optimal dosing schedule for anti -CTLA-4 remains to be determined. The most common adverse events in anti -CTLA-4 trials involved the skin (rash and pruritus) and the gastrointestinal tract (diarrhea and colitis), and there have been several reports of hypopituitarism. If severe, these adverse events may require the cessation of anti -CTLA-4 therapy or treatment with steroids or infliximab.
The failure of anti -CTLA-4 monotherapy against poorly immunogenic tumors in mouse models led to the exploration of its use in combination with other therapies such as tumor vaccine with granulocyte macrophage colony-stimulating factor -transfected irradiated tumor cells (GVAX; ref. 74 ) and regulatory T cell depletion (75) . In clinical trials, anti -CTLA-4 has been used with other treatments such as peptide vaccine, IL-2, and the chemotherapy drug dacarbazine. The majority of these studies have focused on coadministration with peptides from melanoma antigens. However, the objective tumor responses and durations seen in those studies seem to be similar to anti -CTLA-4 monotherapy studies (60) . GVAX elicits a dense local infiltrate of dendritic cells, granulocytes, and macrophages, which promotes the crosspriming process (76) . A phase I trial studying the combination of anti -CTLA-4 and GVAX showed better antitumor responses in patients with metastatic hormone-refractory prostate cancer (70) . Of the six patients receiving GVAX plus higher doses of anti -CTLA-4, antitumor activities were observed in five patients, including prostate-specific antigen declines of >50% that were maintained in four of these patients for at least 6 months, with the longest response ongoing for >1 year. Importantly, three of the five prostatespecific antigen responders had regression of multiple sites of prostate cancer in the bone and the abdominal lymph nodes, and improvement of pain due to bone metastases. As a logical next step, new clinical trials will compare objective responses and durations between anti -CTLA-4 monotherapy and combinatorial therapies.
PD-L1/PD-1: Tumor Evasion Pathway
Many human cancers have been reported to aberrantly express PD-L1, including glioblastoma, melanoma, and cancers arising from the lung, ovary, colon, head and neck, and breast (77) . More interestingly, several long-term follow-up investigations have established an inverse correlation between PD-L1 expression in tumor cells and poor prognosis of patients (Table 3; refs. 78 -85) . Two initial studies revealed that PD-L1 was up-regulated in both renal cell carcinoma and non -small cell lung cancer (78, 79) . However, the relationship between tumor-associated PD-L1 level and clinical progression was observed only in renal cell carcinoma. Sixty-six percent of renal cell carcinomas were positive for PD-L1 expression. In contrast, proximal tubules of the renal cortex, from which clear cell tumors are believed to arise, failed to express PD-L1. Patients harboring high intratumoral expression levels of PD-L1, contributed by tumor cells alone or tumor-infiltrating lymphocytes alone, exhibited aggressive tumors and were at markedly increased risk of death from renal cell carcinoma. Moreover, the combination of increased tumor cell PD-L1 and lymphocyte PD-L1 was an even stronger predictor of patient outcome. This combined feature was also significantly associated with regional lymph node involvement, distant metastases, nuclear grade, and histologic tumor necrosis, all of which have been shown to portray a poor prognosis in renal cell carcinoma (78) . Focal PD-L1 and PD-L2 expression was observed in almost all non -small cell lung cancer tumor specimens, but no relationship was found between the expression of PD-L1 or PD-L2 and clinical outcome (79) . Other studies also showed that intratumor expression of PD-L1 was significantly associated with clinical outcome in breast cancer (80) , gastric carcinoma (82), bladder urothelial carcinoma (83, 84) , ovarian cancer (81), and pancreatic cancer (85) . Thirty-four percent of breast cancers had intratumor expression of PD-L1, associated with histologic grade III, estrogen and progesterone receptors. In addition, 41% of tumor-infiltrating lymphocytes expressed PD-L1, which was associated with a large tumor size and Her2/neu -positive status (80) . More recently, it was found that ovarian cancer patients with a higher expression of PD-L1 had a significantly poorer prognosis than patients with lower expression (81) . A significant inverse correlation was also observed between PD-L1 expression and intraepithelial CD8 T lymphocyte count. In contrast to PD-L1, expression of PD-L2 in tumors was much less frequent, which is due to the fact that PD-L2 is generally limited to dendritic cells and macrophages.
The molecular mechanisms regulating PD-L1 expression are unclear. Inflammatory mediators such as IFN-g and tumor necrosis factor-a up-regulated PD-L1 expression on the surface of several tumor cell lines, and PD-L1 expression was more frequent in freshly isolated tumor tissue specimens than in cultured tumor cell lines (86) . These observations suggest that cytokines in the tumor microenvironment induce the expression of PD-L1 on tumor cells. Recent work has revealed that PD-L1 expression increased post-transcriptionally in human glioma after the loss of phosphatase and tensin homologue and activation of the phosphatidylinositol-3-OH kinase pathway (87) . Therefore, IFN-g may regulate PD-L1 by activating the components of the phosphatidylinositol-3-OH kinaseAkt -mTOR -S6K1 pathway. Understanding the regulation of PD-L1 in cancer may elucidate the links between oncogenesis and cancer immune evasion, whereas helping to refine immunotherapy.
Although the extent to which PD-L1 protein expression directly affects tumor progression remains to be determined, it is generally accepted that aberrant expression of PD-L1 on tumor cells impairs antitumor immunity-resulting in the immune evasion of the tumor cells. Therefore, blockade of the PD-L1/PD-1 pathway would be a very attractive possibility for tumor immunotherapy (Fig. 1) . Initial studies found that murine myeloma cell lines naturally expressed PD-L1, and that their growth in vivo was inhibited significantly, although transiently, by the administration of antibody to PD-L1 antibodies (88) . Subsequent studies have revealed that ectopic expression of PD-L1 on squamous cell carcinomas or mastocytomas did not affect either tumorigenicity or immunogenicity in immunocompetent mice, but tumor eradication can be accelerated by PD-L1 -blocking antibodies (89, 90) . Two metastatic tumor models have been shown to be sensitive to PD-1 blockade. Administration of PD-1 blocking antibodies markedly inhibited both CT26 colon carcinoma metastasis to the lung and B16 melanoma metastasis to the liver (91) . In addition, PD-1 -deficient CD8 TCR transgenic T cells caused tumor rejection in an adoptive transfer model in which wild-type and CTLA-4 -deficient T cells failed (92) . Both APC and activated T cells express PD-L1; therefore, enhanced antitumor immunity by blockade of the PD-L1/PD-1 pathway is more likely the result of inhibition of interaction between PD-L1 on tumor and PD-1 on CD8 T cells as well as interaction between PD-L1 on APC or activated T cells and PD-1 on T cells. Due to the striking inverse correlation between tumor PD-L1 expression and poor prognosis in patients with cancer, we expect to see clinical trials of PD-L1/PD-1 pathway blockade for cancer therapy soon. PD-L1 is expressed widely, not only in tumors, but also in immune cells and other tissue cells. Therefore, potential autoimmune diseases induced by the blockade of PD-L1/PD-1 for cancer therapy needs to be carefully monitored in the future.
Tumor-Associated B7-H3 and B7x: Last-ditch Mechanism
Although the B7 family provides critical costimulatory and coinhibitory signals that regulate T cell -mediated antitumor immunity, the role of B7-H3 and B7x, the newest members of the B7 family, in cancer has not yet been established. However, more than half of the B7x expressed-sequence tags in databases were originally found from tumors and that B7x mRNA was highly expressed in a number of tumor cell lines (25) . Therefore, we have hypothesized that expression of B7x by tumors represents a previously unrecognized mechanism of down-regulating antitumor T cell responses at the level of the effector cell (25) . This hypothesis may have important implications for the development of new strategies for tumor immunotherapy (93) .
We are just beginning to examine the role of B7-H3 and B7x expression in human cancer. Both B7-H3 and B7x have been observed to be overexpressed in non -small-cell lung (94), ovarian and prostate cancers. 1 In addition, B7x was also expressed in breast cancer and renal cell carcinoma (95 -97) . In renal cell carcinoma, tumor cell B7x expression was associated with adverse clinical and pathologic features, including constitutional symptoms, tumor necrosis, and advanced tumor size, stage, and grade. Patients with tumors expressing B7x were thrice more likely to die from cancer compared with patients lacking B7x (97) . In contrast with PD-L1, which is expressed on both tumor cells and immune cells, B7x is not expressed on ovarian tumor -infiltrating lymphocytes. This phenomenon is due to inherent lack of B7x expression in lymphocytes rather than the influence of the tumor microenvironment. Structurally, both B7-H3 and B7x are type I transmembrane proteins. However, the majority of these proteins are in the cytoplasm of tumor cells. Factors that regulate B7-H3 and B7x mRNA translation and protein access to the cell surface can spatially and temporally determine the extent to which tumor-associated B7-H3 and B7x regulate T cell function. We have also found that approximately half of ovarian and prostate cancer patients have soluble B7x in the blood, 2 but the mechanism of production and the function of soluble B7x are unknown.
Both B7x and B7-H3 inhibit T cell function (25 -27, 40 -42) , therefore, B7x-and B7-H3 -positive tumor cells could have an advantage over the negative tumor cells by down-regulating T cell -mediated antitumor immunity. Consequently, the blockade of tumor-associated B7-H3 and B7x could offer a new therapeutic opportunity for the enhancement of antitumor immunity (Fig. 1) . Interestingly, we have observed that B7-H3 expression in ovarian tumor vessels was associated with poor clinical outcome. Endothelial B7x expression on tumor vasculature was also found in some renal cell carcinomas. It remains unknown what the signals trigger B7x and B7-H3 expression in tumor vessels, but one most likely source could be the tumor microenvironment. Tumor blood vessels are prime targets for suppressing tumor growth because they are distinct from normal resting blood vessels and can be selectively destroyed without significantly affecting normal vessels. Thus, we suggest that blockade and/or destruction of tumor vasculature -associated B7x and B7-H3 could provide a dual beneficial therapy: enhancement of T cell -mediated antitumor immunity (immunotherapy) and destruction of tumor vessels (antiangiogenesis).
Conclusion
The intense efforts towards understanding T costimulatory and coinhibitory molecules over the past decade has shaped much of our understanding regarding the immune system and its interaction with tumors. It is now established that members of the B7 family ligands play a central role in the positive and negative regulation of antigen-specific T cell -mediated immune responses. Whereas the B7-1, B7-2/CD28, CTLA-4 pathway serves as the main switches regulating the clonal composition of activated naBve T cells, other B7 family members fine-tune the expansion and properties of activated T cells. T cell costimulation and coinhibition extensively influence the outcome of interactions between tumor and the immune system. Blockade of the CTLA-4 checkpoint has shown clinical benefit for patients with cancer, including long-term durable complete responses. These clinical responses prompted the initiation and completion of a phase III randomized clinical trial that will provide data as to the use of this novel therapy as a standard treatment for patients with cancer. Our knowledge of the newer costimulatory and coinhibitory pathways remain 
